The bioimpedance of tissues under compression is a field in need of study. While biological tissues can become compressed in a myriad of ways, very few experiments have been conducted to describe the relationship between the passive electrical properties of a material (impedance/admittance) and its underlying mechanical properties (stress and strain) during deformation. Of the investigations that have been conducted, the exodus of fluid from samples under compression has been thought to be the cause of changes in impedance, though until now was not measured directly. Using a soft tissue-mimicking phantom material (tofu) whose passive electrical properties are a function of the conducting fluid held within its porous structure, we have shown that the mechanical behavior of a sample under compression can be measured through bioimpedance techniques.
Introduction
Bioimpedance is the term used to describe the study of tissues subject to external electrical excitation. It is distinct within the field of electrophysiology in that it is primarily concerned with ascertaining the electrical properties of biological tissues (whether living, dying, or dead) by inducing a current, measuring the response, and inferring the underlying physiological mechanisms. The response typically measured is the difference in electrical potential, voltage, between two points. Applying the complex version of Ohm's law, the indirect measure of impedance can be found as the ratio of voltage to current. By properly measuring passive electrical characteristics, it becomes possible to understand biological systems in a unique and useful way.
With this knowledge engineers and scientists have found much to discover and draw upon. From the analysis of single cells (1) and cultures (2) to tissues (3) and organs (4) to whole bodies (5) and across populations (6) , bioelectrical impedance has proven its value in quantifying physiology time and again. While the spatial scale of the samples ranges from cell membranes to human populations, the temporal range is not nearly as robust. Typical bioimpedance measurements are often around several seconds. Hidden behind the veil of these seconds are many important and interesting physiological events, not the least of which are changes in tissues under physical deformation. One of the most significant ways tissues become mechanically deformed is through compression. The impedance of a material under this type of deformation is the focus of our study.
Biological tissues can become subject to compression in several ways, including physiologically (pressure exerted on vessel walls during the cardiac cycle (7) and cellular mechanotransduction (8, 9) ), pathologically (traumatic injuries (10)) clinically (edema monitoring for dialysis patients (11) , electrosurgery (12) , body water and fat detection (5) , and soft-tissue healing techniques (13) ), and in basic research (optical clearing in tissues (14) and probe characterization (15) ). Even fields that would at first seem to fall far abreast of this specific discussion have added relevance given their synthesis of passive electrical properties with the mechanical properties of materials under examination including certain realms of agricultural research focused on meat quality assessment (16, 17) and mineralogical investigations of rocks (18) . All of this research suggests there is likely an underlying correlation between mechanical compression of a material and detectable changes in its electrical impedance. This agrees with our intuition because as we have said, impedance is meant to provide an indirect measurement of underlying material properties.
Despite the ever-present reality of compressed tissue (consider for a moment that at least one portion of your body is being compressed), there currently exists a dearth of literature studying the electrical impedance properties of biological samples under compression. As such a field investigating the correlative effects of tissue deformation and electrical impedance is much needed.
Of interest to such a field of study are the results of Gonzalez-Correa et al. which found that the resistivity of various tissues increased as the pressure of the measurement probe was increased (19), concluding that fluid loss from the extracellular compartment of the compressed tissue was response for this increased impedance. Confounding this result slightly is the fact that no evidence is provided in these experiments to show that the authors have accounted for the effects of proximity of the electrodes to the bottoms of their measuring devices (a known source of impedance dependence (20) ). Similarly experiments on bladder tissue have shown that probe pressure has a significant effect on measured impedance (21) . In fact, the authors go on to reason that there is an optimal range of pressures to apply to particular tissues, with too little pressure not providing sufficiently reliable contact and too much pressure beginning to modify the tissue's properties (22) .
Working with near isotropic pig spleen tissue, Dodde et al. were the first to explicitly measure the electrical impedance of biological tissue under compression, finding that increased levels of compression correlated well with increases in intra-and extra-cellular resistances, when fit with the Cole-Cole model (23) . While the aforementioned researchers believe that the loss of fluid is primarily responsible for the increase in impedance readings, all did so under steady-state conditions, disregarding the dynamic relaxation behavior of the tissue under consideration. In this study, we consider the relationship between the viscoelastic behavior of a phantom material -namely tofu -to its measured bioimpedance in real-time.
Tofu has become a popular phantom material in many fields of biological interest including elastography (24) and ultrasound imaging (25) . Tofu, also referred to as bean curd, is a food made by pressing curds from coagulated soymilk into blocks of relative homogeneity. Coagulation of the soymilk is usually achieved in one of two ways, either through the use of salts (such as calcium sulfate or magnesium chloride) or through acids (glucono deltalactone which is often used in the manufacturing of cheese being the most common). After coagulation, the curds are pressed together to form a porous matrix structure (26) . Because many manufacturers have automated this process and have even begun to use electrical impedance spectroscopy to do so (27, 28) , tofu is becoming more and more popular as a widely available, consistent, and economically practical tissue-mimicking material for soft biological tissues (29) .
In this paper we explore the mechanism by which the passive electrical properties of a quasi-biological phantom of soft tissues are altered by compression. We postulate that exodus of the conductive fluid from the sample results in a decrease in the sample's overall admittance. Furthermore, we contend that this decrease in admittance is intrinsically related to the stress relaxation function of the sample as it is under compression. In testing the validity of this claim, we model tofu as a Maxwellian viscoelastic material (7, 30) and fit both stress and admittance relaxation to this model with a high degree of correlation. From these relationships we are able to describe the tofu's passive electrical properties wholly from its mechanical properties. Within the given range of compressions we are able to describe the tofu sufficiently, though more advanced modeling is required. Finally, we show that tofu is a viable phantom for soft tissue compression studies utilizing bioimpedance techniques.
Modeling tofu as a bioimpedance phantom material
Fluid exodus Typically bioimpedance models are described by a variation of a parallel circuit whose components represent the impedance of the suspending fluid in one branch and the suspended elements on the other branch opposite (Fig.  1) . The total impedance of tofu, Z, is the parallel combination of two impedances: (1) where, Z 1 represents the impedance of the saline solution held within the porous structure of the bean curd, whose impedance is represented by Z 2 . Fig. 1 . The basic schematic diagram of many bioimpedance models consisting of parallel branches representing the suspended elements and the suspension in which they rest. In this case R ext and C ext would be the resistance and capacitance of the suspending fluid, respectively and R int , C m , and CPE would be the internal resistance of the suspended elements, the membrane capacitance and a constant phase element of the suspended elements, respectively. However, any components could be used along these branches.
Tofu consists of these two independent electrically conducting components, with the solid porous structure made of compressed coagulated soymilk curds suspending the preserving fluid, usually saline. Saline solution has long been known to be a purely conductive (resistive) element (31) and its impedance, is described as a constant resistance, R 1 . For the porous bean curd structure, Li and Toyoda (27, 28, 32) have measured the impedance of soymilk as it coagulates, the procedure that leads to the creation of tofu. The authors used both a capacitor and a resistor in series to model the impedance measurements of coagulating milk, but only introduced the reactive element to account for the polarization of measurement probe itself. After a threshold frequency is passed (approximately 1 kHz), the coagulated soymilk's impedance remains constant with increasing frequency, representing the bulk resistance. The branch representing the porous bean curd structure can therefore be modeled as a constant resistance, R 2 . The relative contribution of the two impedance elements from Eq. (1) is hypothesized to correspond to the amount of a component within the total sample at any given time. A simple way of phrasing this idea is to consider this relative contribution equal to ratio of the density of one component, ρ i , -defined here as the mass of the component, m i , divided by the total volume, V tot , of the sample (i.e., ρ i = m i /V tot ) -to the overall density of the whole sample (ρ tot = m tot /V tot ) as .
( 2) If R 2 > R 1 , Eq. (2) predicts that the overall impedance of the system should increase as the contribution of (ρ 2 /ρ tot )R 2 increases or as the contribution of (ρ 1 /ρ tot )R 1 decreases, though for our model one will necessarily lead to the other. This trend agrees with the hypothesis that as the sample is compressed the more conductive fluid will be squeezed out of solid porous matrix of the bean curd thereby increasing the measured impedance. Viewed conversely, the admittance (the reciprocal of impedance) should decrease with time, as stress does, as the saline solution is removed.
In this way, it should be possible to correlate the stress the sample is experiencing to its passive electrical properties. Using tofu as a phantom allows us to approximate the mechanical behavior of soft tissues and track fluid loss without complicating the matter with the complex representation of impedance. This limits the applicability of this phantom to physiological situations where extracellular fluid and tissue density are the predominate factors of impedance changes. Such examples include typical tissue compressions (such as those experienced during sitting or standing) and lymphedema treatments. However, due to the purely resistive nature of tofu, it is incapable of accounting for all tissue situations, which would require some capacitive element. To this extent, tofu may be considered a tissue-mimicking phantom insofar as it is relegated to a specific subset of tissues undergoing a subset of possible compression mechanisms.
Mechanical properties
A necessary assumption to our mechanical model is that the relative contribution of the two components of the tofu samples is a function of stress relaxation, G(t), for a given strain level:
.
If this were not the case -if there was no causal connection between the density ratios of the two components comprising the material under investigation and the stress relaxation of that material -then there would be no way of relating the measured passive electrical properties to the physical deformation of a sample. On the one hand, it is a very likely assumption (that impedance measurements reflect and underlying physical nature) as it is thoroughly baked into all bioimpedance research and has been successful thus far. On the other hand, the function in this particular case involves the flow of fluid through a deforming, quasi-biological, porous structure and is beyond the scope of this presentation. This study demonstrates that such a function does exist without necessarily describing its precise formulation. The stress relaxation function chosen here is the Maxwell model represented as a simple spring and dashpot in series (Fig. 2) . With constant strain and negligible creep observed, the model is suited for this initial investigation. Assuming an instantaneous strain, ε 0 , is applied at a time, t = 0, the stress-strain relationship for the Maxwell model of viscoelasticity can be described as (4) where σ(t) is the stress at a given time, E is the elastic modulus of the sample, and µ is the viscosity (relating force to displacement rate) (30) . Furthermore, by dividing both sides by the initial strain, the stress relaxation function, G(t), for the Maxwell model becomes .
The relaxation time constant, τ R , is defined as the ratio of the viscosity and the elastic modulus as (6) leading to a concise expression of the model: .
The relaxation function may be normalized to the peak stress (σ max , stress at t = 0) as (8) where σ is the stress, ε 0 is the initial strain represented as the percentage of total compression (the ratio of the change in height to the initial height) placed on the tofu sample at t = 0, E σ is the elastic modulus of the tofu as a function of peak stress, and τ R,σ is the characteristic stress relaxation time constant (an indicator of how long it takes for the system to settle). More advanced models of viscoelasticity exist. Their relevance is discussed in the Conclusions section of this work. For the purposes of this investigation, however, the model will suffice and the parameters (the elastic modulus and the characteristic relaxation time constant) are satisfactory to describe any trends that arise.
Electrical properties
It is our contention that there will be a corresponding admittance relaxation curve to the stress relaxation equation presented above (Eq. (8)). This will serve to prove the contentions of many previous researchers (15, 19, (21) (22) (23) under more rigorous examination. Our purpose here is to show that tofu is a practical phantom of soft tissues for electrical impedance measurements. Lacking a capacitive element, its impedance is constant over a wide frequency range, enabling probe calibration and verification of experimental procedures investigating the compression of biological materials.
Materials and methods
The basic procedure outlined in this section was used to correlate tofu compression to impedance/admittance data. It was done to show the electrical impedance can be used to describe mechanical phenomena of biological materials. Two different experimental procedures were conducted: single frequency and multifrequency current injections. Because tofu exhibits constant impedance over the range of frequencies we tested (1 kHz to 300 kHz), only the single sine current injection method and results are reported here. As the single sine method had the lowest crest factor -the ratio of the peak amplitude of a signal to its root mean squared valued -of the two techniques, indicating a higher quality of alternating current, this technique is preferred. It is worth noting that a multifrequency technique is necessary for future explorations of biological samples with capacitive elements under compression.
A custom designed tetrapolar probe made of four 0.25 mm diameter platinum electrodes equally spaced 3.0 mm apart in a straight line encased in a 19 mm diameter acrylic cylinder (Fig. 3 ) was used to acquire impedance (23, 33) . Probe geometries have been shown to be optimally sensitive to impedance measurements (34, 35) . The impedance probe was mounted inline with a load cell (Omega LC8125) and both were attached to a linear stage (Siskiyou 200cri) used to compress the material under testing (tofu). A cylindrical acrylic chamber (25.4 mm inner diameter) was machined with a series of radial holes (3.8 mm in diameter) allowing the free flow of fluid and used to hold the tofu in place. At the bottom of the holding chamber was a pressure sensor (GE NPC-1210). The impedance probe was fed through a custom circuit designed specifically for soft biological tissue impedance measurements (23) . Characterization of the current-tovoltage converter circuit was done by passing a voltage signal through a known load in series with the input to obtain a known current. The input signal was compared to the output and the corresponding gain and phase shift attributes that resulted could then be factored out. The voltage-controlled current source was characterized by passing the whole frequency range of output current (100 Hz to 1 MHz) through a range of known resistances, including the fluid used to preserve the tofu. The measured output behavior of current was found as a function of frequency for each resistance load. Finally, the instrumentation amplifier circuitry was described by inputting a known differential voltage signal and comparing the output signal for gain and phase shift. The calibration necessary to offset each of the above elements was done at either the data acquisition phase or through post-processing. The circuit design as well as its printed circuit board realization can be found by consulting Dodde (23, 33) .
In factoring out impedance errors, the effects of stray capacitance on our bioimpedance measurements -a known source of error (36-38) -were removed using the method described by Buendia et al. (39, 40) . Also as a precaution, the effects of probe depth (20) were accounted for in postprocessing analysis, though the measurements were not significantly influenced at the levels the experiments were conducted -impedance changes of <1% were observed so long as the probe was >7 mm from the bottom of the testing chamber.
The load and pressure sensors were connected to a noise-rejecting, shielded BNC connector block (BNC-2110) that was subsequently fed to a data acquisition card (NI PXI-6229). Motion of the linear stage was controlled through an NI PXI-7340 motion controller that gave. Each of the modules were housed within a NI PXI-1033 chassis and monitored and controlled via a custom LabVIEW program.
Cylindrical tofu specimens were obtained by cutting a block of (Naturally Preferred TM ) extra firm, organic tofu approximately in half and punching out 22 mm diameter samples using a sharpened leather punch, which tended to give generally uniform tofu specimens (typically about 20±2 mm in height). The cylindrical samples were then kept in a container filled with the original preservation fluid. With samples at the ready, the program was begun and the bottom of the testing chamber was found by lowering the linear stage slowly (~10 µm/s) until the bottom was detected as the load sensor inline with the probe registering some amount of force (Fig. 3) . The linear stage then lifted the probe out of the chamber to such a height that a sample could be placed easily. A sample was then chosen at random, its mass was found before compression, and it was placed into the sample holding chamber. Once there, the linear stage then lowered the probe onto the tofu sample until a detectable amount of current passed through, ensuring that as the tofu is compressed sufficient electrical contact would be maintained. As the top of the tissue is found through impedance detection, the height of the sample was recorded and the density of the sample before compression was found. If no problems were apparent at this point, the sample was injected with 60 µA RMS of current at 10 kHz and compressed to one of four initial strain levels, ε 0 , (10%, 20%, 30%, or 40% compression of total height) at random. Strains above 50% were not permissible, as the tofu would begin to break apart. The pressure, load, and impedance were measured in real time (<0.1 s). Individual runs were measured over the course of ten minutes, which was found to be sufficiently long to allow the system to settle.
Results
The tofu we used was fairly uniform across all of the samples presented here (n = 48), with an average overall initial density of 9.26 x 10 -4 ± 2.66 x 10 -5 g/mm 3 and an average impedance of 211 ± 14 Ω. As our primary concern for this study is the correlation of impedance with material compression, we will refer to the change in impedance (ΔZ) as a primary measure. For the same reason, when reporting admittance we will refer to values normalized to the maximum admittance (Y norm ) measured for each curve used. This helps make the trends clearly observable.
Fluid exodus
A linear trend is observed between the change in impedance, the change in mass, and the compression level as shown in Fig. 4 . Given the nature of tofu as a porous material housing fluid, the change in mass was a measure of how much fluid had left the sample and proved to be a function of compression.
Mechanical properties
A moving average fitting technique was used to smooth the measured stress data. From this filtered data, the stress of each run was averaged within compression levels (each with twelve trials) and plotted against time (Fig. 5) . To show that no irregularities were observed for different levels of compression, the data presented in Fig. 5 was normalized to the maximum stress. These normalized values were then averaged together and a relaxation curve was fit to the Maxwell model of viscoelasticity using MATLAB (as seen in Fig. 6 ). Within the range of strain levels chosen, the relaxation mechanism of the tofu appears to be consistent for all samples. The corresponding equation describing the normalized stress relaxation curvecharacterizing how tofu relieves stress under a constant strain -can be found in Fig. 6 . While no significant variation was found for the stress relaxation time constant, the normalized elastic modulus is modified by the peak stress induced (as seen in Eq. (8)). As such, the relationship between peak stress and initial strain was found and is reported in Fig. 7 . A simple linear relationship was assumed as nonlinearity of this sort is beyond the scope of the simple model we chose.
Combining the function relating peak stress to initial strain (Fig. 7) to the normalized stress relaxation curve (Eq. (8), Fig. 6 ) an overall viscoelastic model of tofu as a function of initial strain was found to be (9) where E σ = 0.0252ε 0 kPa nd τ R,σ = 19.68 s. The relative uncertainties of each of the relationships used to arrive at Eq. (9) should be kept in the reader's mind since they potentially account for additional uncertainties as Eq. (9) is used in other contexts. The strain dependence of the stress relaxation curve begins to falter at higher initial strains, as tofu begins to shear above a certain level of compression, and thus is only described by the Maxwell viscoelasticity model for compressions <50%. These complications will be addressed in the Discussion section of the paper. 
Electrical properties
As shown in Fig. 8(a) , there is a trend of increasing impedance with respect to time for samples under compression. Conversely, the admittance tends to decrease over time as the sample relaxes ( Fig. 8(b) ). An increased level of compression results in a corresponding increase in resting impedance (the impedance when stress goes to zero), while producing a decrease in resting admittance (the admittance when stress goes to zero).
As an initial indication of the correlation between the passive electrical properties of tofu and its viscoelastic properties, admittance was plotted as a function of stress in Fig. 9 . Each admittance curve (representing the average admittance of the twelve samples tested at a particular compression level) was fit through linear regression. Two different tendencies were experienced by two parameters (intercept and slope) with respect to the strain level. The change seen in the intercept parameter verifies a result of Fig. 8 that indicated the resting admittance decreased with increasing initial strain (normalized admittance after approximately 200 s of initial compression is essentially equivalent to resting admittance). Increasing compression levels also led to a decrease in the slope parameter, indicating the strain dependence of the elasticity. The admittance vs. stress vs. time plot of Fig. 10 shows more explicitly the relationship between the stress and admittance over time for each strain level. From this alone a relationship between admittance and stress at a given time and for a given strain can be established. As further evidence of this relationship, admittance was then fit to a similar relaxation function as the stress. However, unlike stress, the normalized admittance of the tofu never falls to zero, instead settling on some resting admittance (denoted as Y norm,Resting ), requiring that we define the admittance relaxation function, a function that combines both electrical and mechanical parameters, as (10) How resting admittance changes as a function of strain is necessary to accurately fitting a relaxation curve. The planar representation seen in Fig. 9 of the multidimensional relationship between admittance, stress, strain, and time (from Fig. 10 ) yields the resting admittance values to formally fit the admittance curve to the hypothesize stress relaxation function. Plotting the resting admittance as a function of time (as in Fig. 11 ) a strain dependent relationship was established:
The resting admittance of a sample under no strain should be equal to 1.0 in a normalized system. The 0.99 reported here is a result of empirical fitting, and was deemed to be close enough to warrant continued use. Substituting Eq. (11) into Eq. (10) yields (12) Fig. 10 . Admittance vs. stress vs. time for four strain levels. The correlation between admittance and stress comes more sharply into focus when viewed in this manner.
Utilizing the adjusted relaxation function of Eq. (12) the admittance with respect to time were fit to an adjusted relaxation function. The goodness of fit for each of the trials was measured through the coefficient of determination (R 2 ) and found to be greater than 0.95 in every case, suggesting the modified admittance equation correlates well to the data. This fit of the data and the average behavior of the admittance and stress for each level of strain as a response to time can be seen in Fig. 12 , which suggests a relationship between admittance, stress, and strain. 
Because the functions in these particular cases were constants (f(ε 0 ) = 0.0091 and g(ε 0 ) = 1.50), conversion of the dummy parameters into their mechanical equivalents was found and could be substituted into Eq. (15) to give an overall model of admittance based on the mechanical properties of tofu:
From the mechanical model proposed in Eq. (9) and the admittance model proposed in Eq. (16), we can plot the relationships of normalized admittance as a function of time and initial strain ( Fig. 13(a) ), normalized admittance as a function of time and stress ( Fig. 13(b) ), stress as a function of time and initial strain ( Fig. 13(c) ), and normalized admittance as a function of initial strain and stress ( Fig.  13(d) ). These relationships, in addition to the others used to derive them, sufficiently describe the mechanical and passive electrical behavior of tofu. 
Discussion
The results indicate that the mechanical changes experienced by the soft tissue-mimicking phantom material (tofu) correlate well to the measured impedance as a sample is compressed. The link between mechanical strain and electrical admittance is established in this research. We have shown: (1) that impedance is determined by the amount of conductive fluid within a porous material and to what degree the material is compressed (Fig. 4) ; (2) the viscoelastic behavior of tofu described well (R 2 > 0.95) through a range of compression levels ( Fig. 5 and 6 ) resulting in a mechanical model of tofu (Eq. (9)); (3) the behavior of normalized admittance correlating well with initial strain level, resulting from a simple constant relationship with the stress relaxation curve (Fig. 9Fig. 12) ; and (4) a final physical model of tofu encapsulating both mechanical and passive electrical properties ( Fig. 13 and Eq. 18). This culmination of facts shows that tofu is capable of testing the predictions made by researchers about the effects of pressure and force on measured bioimpedance (19,21-23).
While the above stated evidence is on a firm foundation and provide sufficient support to justify further examination of tofu as a phantom material able to mimic the relevant behavior of tissue under compression, there are many ways in which this study here can be further improved. Two general modes exist for this improvement and can be thought of as modeling improvements of mechanical properties and further empirical examination of the experimental parameters.
Modeling improvements
Improvements to modeling can be broken down into two significant subsets. The first place where model improvement would help nuance the claims made here is through proper modeling of tofu as a soft biological material. For a mixture of simplicity and expediency the Maxwell model of viscoelasticity was used to predict the stress relaxation of tofu, though this need not be the case.
Another standard model that might possibly enhance the predictions is the Kelvin-Voigt model of viscoelasticity. It is similar to the Maxwell model in that its mechanical analog consists simply of a spring and damper (dashpot), but rather than attaching the two in series, they are in parallel with one another. This provides the subtle difference in how displacement of the two elements are added together (for the Maxwell model they are simply summed, for Kelvin-Voigt they are equal). Therefore, because the strain of the spring and damper analogues are equal, the stress through each element is now separate, making the total stress of the system equivalent to their sum. Where the Kelvin-Voigt model excels over the Maxwell model is its more realistic prediction of creep, a neglected factor in this study of possible significance.
Another model that has been considered for later publication is the quasi-linear viscoelastic theory first proposed by Fung (7) and further expounded at length by . From empirical models presented above and the theoretical modeling presented in equations (), the underlying physical changes of the phantom can be determined and predicted with a high degree of certainty through passive electric properties measured via impedance techniques. Abramowitch and Woo (41) which is normally used for biological materials with marked history dependence. It is a significant improvement over the previous two models as it introduces history dependence and splits the test into two distinct regions (during the initial ramp up of compression and after this ramp up). In so doing, this model accounts for the reality of the situation to a greater degree than either of the two models discussed and will likely fit the stress relaxation data more precisely.
Further refinement could be addressed in the modeling of the impedance of tofu as well. What was developed here was a simple relationship between the relative contributions of each components resistance to the total. Such a model proved useful here as it predicted that with the exodus of the less resistant component, the overall impedance of the sample would increase. Said another way, as the more conductive fluid was forced out given its incompressibility, the admittance of the sample should decrease -it should decrease more and more as the applied compression is increased. One drawback of this modeling approach is the difficulty of measuring it accurately with the setup presented here (consult the next section for how this may be improved). An avenue of rich potential is a model that treats impedance as a more explicit function of fluid being pushed through a compressing porous structure.
Further Empirical Examination
One key parameter of this study was measured rather indirectly and could be improved upon, namely the loss of fluid with respect to time. The fluid loss in this experiment was measured by taking mass readings before and after the compressive runs. Such a method only gives two points of examination for changes in relative density. While the evidence presented is promising to validate the proposed model of compressed tofu impedance, it is in need of more points of verification. A simple way of providing this verification is with the addition of a flowmeter to the experimental setup capable of tracking the amount of fluid that has accumulated at any particular point in time.
Finally, these tests should be replicated in tissue, where complex impedance is seen. A multifrequency technique would be necessary to measure the complex impedance in real-time, a problem of many frequency sweep procedures currently. Only such a system would be able to trace both the intra-and extra-cellular changes that occur for tissues under compression.
Conclusions
A non-invasive electrical impedance measurement system was developed, calibrated, and verified to accurately measure the passive electrical properties of tofu under physical deformation. This was accomplished by examining the stresses, strains, electrical impedance, and changes in density of tofu -a quasi-biological tissue-mimicking material -while it was subjected to compression. We have endeavored to show that tofu is a suitable phantom material for consideration for experiments seeking to correlate impedance measurements to tissue compression. Though the experiments described within were simple -tracking the impedance of tofu as it was compressed -the underlying phenomena were complex.
The physical properties associated with the deformation (be it made visible through viscoelastic theory or measured passive electrical components) have relevance to many physiological, pathological, clinical, and basic researchbased systems. As such it is our hope that this initial exploration of a broader field investigating the correlative effects of tissue deformation and electrical impedance in need of rigorous and multidisciplinary consideration will spark the interest of a few.
